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Fine particulate (PM2.5) is a severe problem of air pollution in the world. Although many studies were 
performed on examining effects of PM2.5 on human health, the understanding of PM2.5 influence 
on aquatic organisms is limited. Due to wet deposition, the pollutants in PM2.5 can enter aquatic 
ecosystems and affect aquatic organisms. This study tested the hypothesis that PM2.5 will negatively 
affect the behavior of freshwater snail Parafossarulus striatulus (Benson, 1842). Along with PM2.5, a 
number of components (Al, Pb, and Zn) that are commonly present in PM2.5 were also tested for their 
effects on the snail's behavior. The snail behavior was scored using the Behavioral State Score (BSS), 
ranging from 0 (no movement) to 5 (active locomotion and fully extended body). The result shows that 
high PM2.5 concentration dose (7.75 mg/L) induced a significant decrease in snails’ movement behavior, 
and such reduced movement. The same behavior was also observed for treatments with chemical 
components related to PM2.5, including aluminum and acidity (pH 5.0). In contrast, a low concentration 
of PM2.5 (3.88 mg/L), lead, and zinc did not significantly affect snails’ behavior. The results suggest 
that high PM2.5 deposition in water bodies, associated with acidification and some metals, can have an 
adverse effect on aquatic organisms.
Particulate matters (PM) are defined as a suspension of fine particles with variable composition that are less 
than 100 micrometers in diameter1–3. Elevated level of PM is caused by large-scale human activities, including 
extensive fossil-fuel and coal combustion, which is often related to acid rain. PM2.5 refers to particulate matters 
(PMs) having an aerodynamic diameter of 2.5 micrometers or less2, 4. A notably large number of studies have 
been conducted to determine the effects of PM2.5 exposure on human health, such as significant hazards to the 
respiratory system5–10. However, there are not many papers discussing the toxicology of PM2.5 on animal ecol-
ogy4. Considering huge potential health risks which are associated with PM2.5, it is not implausible to assume 
that PM2.5 can exert negative effects on other organisms within affected regions4, 11. Verma et al.11 and Zhao et 
al.4 state that aquatic ecosystem can be very vulnerable to PM2.5 toxicity as pollutants tend to accumulate in water 
bodies through wet and dry deposition, magnifying its concentration and effects. One study, conducted in 2013 
summer rainy period in downtown Beijing, found that the concentration of PM2.5 was negatively correlated to 
the quantity of accumulated rainfall, showing that PM2.5 reduction was from over 400 μg/m3 to 10–30 μg/m3 in 
a period with 1.6 mm precipitation12. Its ecological effect stems from the acidification of water bodies through 
acid rains with low pH value (often <4.5)13–15. Some studies have correlated sulfate and nitrate aerosols, which 
are common anthropological pollutants in PM2.516–18 to a pH decrease in affected water bodies15. Acidification 
of aquatic environment has been proven to negatively impact aquatic ecosystem function and species diversity19, 
20. Therefore, research on investigating the effects of PM2.5 on aquatic ecosystems and organisms is an important 
topic of aquatic ecology21.
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PM2.5 sources in urban areas and their surrounding are primarily anthropogenic; up to 71% originates from 
emission sources such as biomass burning, vehicular exhaust, as well as secondary sulphate/nitrate formation 
processes, with sizable geographical and temporal variations, while the remaining portions originate from natural 
sources such as sea sprays and dust storms21, 22. PM2.5 is considerably more toxic than larger PM particles; as they 
contain acidic chemicals like sulphates as well as metals, such as lead, aluminum, and zinc in an oxidized state21, 23. 
In addition, several studies indicate that due to their small sizes, they are able to penetrate deeper into the respira-
tory system, potentially leading to a number of adverse physiological damage such as alveolar damage and DNA 
oxidation2, 7, 9, 24, 25. Due to its anthropogenic sources, the composition of any given sample of PM2.5 from one area 
is likely to be distinct from samples obtained from another area26. It leads to different levels of toxicity depending 
on the nature of its sources. Despite the variability, many samples feature acidic ions like sulphates and nitrates in 
higher than average concentrations16. It has been theorized that acidic precipitation associated with sulphates and 
nitrates would have negative effects on organisms15. In addition, for a number of metallic ions in various PM2.5 
samples, metal species of Al, Pb, and Zn are among the most prevalent ones27, which have potential deteriorating 
effects on aquatic ecosystem quality through rainfall and surface runoff28, 29. These three metal ions were present 
in high concentrations in PM2.5 samples sourced from various regions, along with other metals such as Fe, Ca, 
Na and K23, 30.
The standard approach to toxicity assessment has been to employ lethal dose (LD 50) experiments, where the 
value of the parameter is obtained as the minimum concentration at which half of the test organism is killed after 
a specific amount of time (usually 48–96 hours)31, 32. However, this study used a different approach - behavioral 
examination, because the results of behavioral observations can be used to evaluate sub-lethal effects caused 
by environmental toxicity, which cannot be studied using LD 50. Sub-lethal analysis can be more informative 
than lethal dose experiments, because such approach allows a way to view the effects of the test chemicals on the 
behavior of the organism, which can have far-reaching ecological consequence32–36. To that end, small freshwater 
snails, Parafossarulus striatulus, were used as subjects for the experiment, partially because of their small and 
practical size, as well as their sensitivity to changes in their environment37. Since we expected to see a decline 
in their activity as a result of PM2.5 exposure, we hypothesized that PM2.5 exposure will produce a significant 
impact on the snails’ movement behavior. We also conducted an acid treatment, consisting of sulphuric acid, for 
simulating the acidic nature of PM2.5 and the presence of acidic ions such as sulphates. Similarly a few metallic 
ions were also selected, because PM2.5 samples often contain aluminum, lead and zinc38, which have potential 
negative impact on aquatic ecosystems and biota2, 28, 29, 39.We hypothesized that aluminum, zinc, and low pH con-
dition will reduce the activity of the snails, in terms of movement behavior, while lead will induce hyperactivity 
on the snails31, 37, 39–45.
Results
In the experiment with 6 different treatments (Table 1) plus control, snails’ behavioral data set consists of six 
levels of Behavioral State Scores (BSS) (Table 2) for each snail, which translates to 504 individual data entries for 
126 individuals (15 for each treatment and 36 for control). All BSS scores from each experimental treatment were 
averaged and compared with the average of the control group as shown in Fig. 1.
Overall, the control has an average of BSS 2.91 ± 0.32, pH 5 1.12 ± 0.47, aluminum 0.63 ± 0.35, lead 2.6 ± 0.28, 
Zinc 2.75 ± 0.54, High PM2.5 1.13 ± 0.41 and low PM2.5 3.2 ± 0.22. Interestingly, the low PM2.5 snail group 
appeared more active than other treatments (Fig. 1). Figure 2 shows the variation of occurrence distribution (in 
percentages) for each behavioral score in different treatments. Overall, score zero appears the most often on the 
high PM2.5, aluminum, and acidity at pH 5 groups. Whereas, score five appears most commonly on the lead, 
zinc, and control groups. The high percentages of zero score in the high PM2.5, aluminum and acidity at pH 5 
treatments indicate their potential effect of toxicity on the snails. Lead and zinc both have high numbers of zero 
and five scores and averages close to the control average. As such, lead does not seem to have much effect on P. 
striatulus. The low PM2.5 treatment also averages close to the control and even slightly higher, contradicting the 
high PM2.5 treatment (Fig. 2).
High PM2.5 treatment causes a statistically significant reduction in the snails’ behavior with p-value smaller 
than 0.01 (the Kruskal-Wallis analysis). This is also true for the groups subjected to aluminum and acidity pH 
5 solution (p values <0.01 and <0.05 respectively). However, this is not the case with low PM2.5 treatment 
(theoretically about half the amount dissolved in high PM2.5 treatment), which did not induce any significant 
Chemicals Concentration Purpose
High PM2.5 2 filter pieces (7.75 mg/L)
Simulate High 
PM exposure
Low PM2.5 1 filter piece (3.88 mg/L)
Simulate low PM 
exposure
Aluminum Nitrate 100 μg/L Test the effect of aluminum
Lead(II) Acetate 200 μg/L Test the effect of lead
Sulphuric Acid pH 5 Test pH changes
Zinc Sulphate 100 μg/L Test the effect of zinc
Table 1. Summary of the chemicals used in each treatment. There were 6 treatments in this experiment plus a 
control; two levels of PM2.5 (low and high), three different metals (Al, Pb, Zn), and one level of acidity (pH = 5).
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behavioral change of the snails (p > 0.05, p = 0.73). Lead and Zinc exposure also failed to show any statistically 
significant correlation with the snail’s behavior (p = 0.71 and 0.86, respectively). The results of the experiments, 
including p-values obtained in comparison with the controls are displayed in Table 3.
The elemental/ organic carbon (EC/OC) and ionic compound (IC) analysis result is presented in Table 3, in 
which the highest ion was suphate.
Discussion
To the extent of the authors’ knowledge, this is the first paper to assess the toxicological effect of PM2.5 on an 
aquatic organism. The results show that there was a significant decrease of snails’ behavioral state score (BSS) 
under high concentration of PM2.5 treatment, as well as increased acidity (pH value = 5), the latter of which is 
the characteristic of PM2.5.
High PM2.5 concentration (approximately 7.75 mg/L) caused significant difference in the behavior of tested 
snails compared to the control group without PM2.5 treatment. Low PM2.5 exposure results, interestingly, are 
not statistically different from the control results, but instead seem to exhibit higher scores on average. This could 
mean that low PM concentrations may cause some hyperactivity. A possible explanation for this phenomenon 
is that the components PM2.5 exist in different forms (species) which result in different bioavailability and solu-
bility46. The toxicity of the components in low PM treatment may still be below the toleration limit of the snails. 
On the other hand, when the concentration of the PM was doubled in the high PM treatment, the toxicity level 
exceeded the limit.
From the BSS spread graphs, we can see that the groups with statistically significant results have more zero 
scores than the other treatments. The aluminum treatment result correspond to White et al.47 who found that 
aluminum toxicity merely affected snail as sub-lethal behavioral depression. It is unknown if the effect would 
cease after a longer time since our experiment focused on short term effects. Interestingly, the shapes of the 
lead and zinc graphs are similar to that of the control group, which imply that, despite their proven toxicity 
on humans, they seem to be less dangerous for Parafossarulus striatulus. In an experiment by Truscott et al.23, 
lead was proven to induce hyperactivity on the snail Lymnaea stagnalis in short-term testing (up to 19 hours). 
Compared to his research, our experiment did not show any hyperactivity behavior (the average score is almost 
the same compared with the control group). However, this might be caused by the higher limit of the Behavioral 
Behavioral State 
Score Activity correlated
0 Body is retracted and operculum is closed, snail is completely still and hidden.
1 Operculum is ajar but the snail is withdrawn while demonstrating no locomotion.
2
Operculum is ajar but the snail is still withdrawn 
while allowing their antennae to exit the 
operculum and moving them about.
3 Snail is more active, the operculum is open and the snail has exposed its head.
4 Snail exposes both head and foot while it conducts movements to re-orient itself.
5 Snail is full extended with its head and foot out while demonstrating active locomotion.
Table 2. Summary of the Behavioral State Score (BSS) criteria. The score ranges from zero to five with zero that 
is the least active/no movement, while five indicates the highest movement with active locomotion.
Figure 1. Average BSS score for each treatment. The average values of BSS scores (0–5) at y-axis represent 
mean ± SE for each treatment (x-axis). High PM2.5, pH 5, and aluminum treatments had significant BSS 
decrease in snail behaviors. In contrast, lead, zinc, and low PM2.5 did not show significant BSS changes.
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State Score as theorized earlier. The results of the zinc test are supported by prior research on zinc toxicity to a 
different freshwater snail species (Lymnaea spp., Physa spp.). Zinc was found to be the least toxic among some of 
the more common heavy metal contaminants31, 37, 48. It should be noted; however, the types of zinc compounds 
and parameters differ from ones used on this experiment.
Other studies had found that PM2.5 constituents generally make it acidic, which is the reason using sulphuric 
acid to increase acidity in one of the treatments23. Our results at pH 5 seem to show a strong correlation between 
low pH and reduction in snail’s activity. Preliminary tests with lower pH value of 4 showed immediate withdrawal, 
Figure 2. The occurrence distribution (%) of each Behavioral State Score (BSS) from 0 to 5 (x-axis) on each 
treatment. The y-axis represents the percentage of the sample size that scored a specific category (0–5). For every 
treatment the total number of snails (n) is 60. The graphs present the results for: (a) PM2.5 High Concentration, 
(b) PM2.5 Low Concentration, (c) Lead, (d) Aluminum, (e) Acidity (pH = 5), (f) Zinc, (g) Control. All setups 
were performed identically, including the control (a blank consisting of filtered stream water). Treatments of 
aluminum, acidity (pH = 5), and high PM2.5 concentration had low % values of BSS scores at 1–5.
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supporting the hypothesis. Further it is interesting to note that while sulphuric acid incited a clear response, zinc 
sulphate did not have a similar effect. This can potentially means that the snails were responding to the H+ cations 
instead of sulphate anions in the acid experiment49.
One point of contention is the method of PM2.5 dispersal. PM2.5 treatment was introduced into the exper-
imental setup by placing 6 mm circular cutouts of the glass fiber filter the PM was collected on into the solution 
inside the petri dish. This method – although showing some significant effects – is not foolproof; most of the 
PM2.5 remained embedded in the glass fiber mesh and as a result only some fraction of the PM2.5 was released 
into the water. In comparison, the concentration presented in this experiment was based on the assumption that 
the PM2.5 was diluted entirely. Nonetheless the high PM test still resulted in a statistically significant change 
in behavior relative to controls. However, this still causes some problems for calculation as the exact amount of 
PM2.5 released into the solution cannot be obtained with high precision. Therefore, the quantity of PM2.5 in this 
report is likely to be slightly exaggerated compared to the actual amount that the snails are exposed to.
Future studies should consider examining long-term effects of those treatments, and effects of chronic PM2.5 
(and its constituents) exposure on aquatic organism behavior and population dynamics. Continuing long term 
effects, studies on the seasonal composition and concentration of PM2.5 have consistently found that sum-
mer time concentrations are low relative to other seasons. As such, similar experiments can be conducted with 
PM2.5 samples collected from other seasons to determine differences in effects based on seasonal variation50, 51. 
Lastly, while this experiment showed that PM2.5 can be harmful to aquatic organisms, it did not provide detail 
information of which particular components of PM2.5 contributes to its toxicity or whether there are antagonis-
tic, additive, synergistic, or potentiative interactions; as such, a full assay of its components will be beneficial for 
understanding of machnisms.
Conclusion
PM2.5 is an important pollutant composed of a complex mixture of geographically and temporally variable com-
ponents. Despite the variability, anthropogenic PM2.5 consistently contains hazardous chemicals such as heavy 
metals and acidic anions. The results of the study indicated: (i) the snails tested did react adversely to PM2.5 and 
appeared to have a threshold for how much PM2.5 they can be exposed to, (ii) among the chemicals tested, pH 
5 sulphuric acid had the largest impact on the snails, where the Behavioral State Scores were the lowest across all 
treatments. (iii) the scores under aluminum treatment were significantly lower compared to the controls, while 
scores from the other metal ions tested were not statistically significant. In conclusion, PM2.5 exposure were 
found to have a negative impact on freshwater snails. Furthermore, of the chemicals hypothesized to exist within 
PM2.5, sulphuric acid aerosols and aluminum had the most negative effects on snail behavior.
Methods
Snail Maintenance. The freshwater snails Parafossarulus striatulus (Benson, 1842) were collected from a 
stream channel close to Xi’an Jiaotong-Liverpool University (31°16′18.025″N, 120°44′10.687″E). Parafossarulus 
striatulus was selected as the subject of the experiment due to its abundance in the natural streams and lakes. Its 
size is also practical. The average shell length was 6 ± 1 mm and therefore, was advantageous considering the lim-
ited amount of PM2.5 which is relatively difficult to obtain in large quantities. In addition, freshwater snails tend 
to be sensitive to environmental changes which make them suitable for this experiment37. Following collection, 
the snails were then randomly selected based on size, specifically, specimens of about 6 ± 1 mm.
The stream water was also fetched and then filtered using Whatman® double-ring qualitative filter paper with 
11-micron pore size and 9 cm diameter in order to remove suspended food particles. It was later used for the 
starving period and the experiment sessions.
PM2.5 Collection and Experimental Treatments. Prior to the experiment, PM2.5 particles were 
collected using a DUSTTRAK™ II unit manufactured by TSI (3.0 L/min flow rate) in conjunction with glass 
fiber filters (ø 37 mm, 0.3 μm pore size, 99.995% efficiency). The collection site was at an apartment balcony 
(31°16′43.4″N, 120°44′44.7″E). The device was run for several weeks with filters being replaced about once a 
week on average. The exposed filters were then stored in a freezer with a temperature of −20 °C to preserve 
the chemical composition. Immediately afterwards, the filters were measured gravimetrically using a 10−4 gram 
accuracy balance. Since extracting the PM directly by rinsing and stirring the filter paper in the water destroyed 
the glass fiber itself, we decided to just place a small part of the filter in the experiment petri dishes. The PM2.5 on 
the filter paper weighed about 0.0047 g on average . A 6 mm-diameter-hole puncher was used to cut the glass fiber 
Test Substances H p-value
PM2.5 High 6.859 <0.01
PM2.5 Low 0.118 0.73
Aluminum Nitrate 14.911 <0.01
Lead(II) Acetate 0.134 0.71
Sulphuric acid (pH 5) 6.463 <0.05
Zinc Sulphate 0.032 0.86
Table 3. Result of the non-parametric Kruskal-Wallis statistical analysis. H value shows the discrepancies 
between the rank sums of BSS from one treatment with the control; higher means more significant. High 
PM2.5, pH 5, and aluminum shows significant change in the snails’ behavior (p < 0.05).
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into smaller circles. The center point (about 2 mm diameter) was ignored because it was visibly darker than the 
surrounding area, indicating higher concentration. This resulted in each circle containing approximately 155 μg 
PM2.5 under the assumption that all the PM2.5 were diluted into the water. The high PM treatments were sim-
ulated with two circles, while low PM2.5 treatments only used one. Consequently, the PM2.5 concentrations in 
these two treatments were approximately 7.8 mg/L and 3.9 mg/L, respectively.
Four additional treatments that are associated to PM2.5 were conducted to test their effects on behavior of 
freshwater snails. The first one was aluminum in form of aluminum nitrate with the concentration of 100 μg/L. 
Secondly, we experimented using zinc in form of zinc sulphate with the same concentration as aluminum. Next, 
the effect of lead was also examined in form of lead (II) acetate with higher concentration of 200 μg/L. All the 
chemicals used were analytical grade. The last treatment was acidity (pH value at 5)14. The pH 5 solution was 
obtained by diluting high concentration sulphuric acid, our choice of sulphuric acid is representative of sulphate 
pollution that causes mildly acidic rains23. Each treatment was replicated five times.
A separate filter, which was different one from the one used for snail behavior tests, was analyzed for elemen-
tal/organic carbon (EC/OC) analysis followed by ionic compound (IC) analysis, to examine the components 
present in PM2.5 collected at this location. For carbon analysis, a 1 cm2 punch of the filter was removed and ana-
lyzed with thermal/optical transmittance method using Aerosol OCEC analyzer. For IC analysis, half of the filter 
was extracted by 5 ml of distilled de-ionized water, followed by the utilization of an Ion chromatograph (Table 4).
Experimental Procedure. Fresh snails were collected one day prior to each experiment session. They were 
isolated and starved for approximately 24 hours in a container filled with filtered water from the channel. After 
that they were randomly selected, cleaned a little bit, and measured. When the length was outside the range 
(6 ± 1 mm), it was discarded and following that, another one was selected. The experimental setup consisted of 
7 petri-dishes (diameter = 11 cm); 5 of which were treatment replicates along with 2 controls. Each petri dish 






Na+ 37.54 NO3− 16.92
NH4+ 1.01 SO4− 71.54
K+ 1.80 C2O42− 2.35
Mg2+ 0.57 OC 12.5
Ca2+ 4.57 EC 9.37
Cl− 4.91
Table 4. Concentration of ions, organic carbon (OC), and elemental carbon (EC) in a PM2.5 sample. The 
concentrations are presented in micrograms per area of the filter (cm2). The ions with the highest concentration 
were sulphate, nitrate, and sodium ions.
Figure 3. Illustration of the methodology used to test snails’ movement and behaviors. Step 1: three snails 
were put on every dish and provided 15 minutes acclimation time. Step 2: the test substances were introduced 
and another 15 minutes of time was given as an acclimation period. Step 3: spirulina was added. Step 4: after 
5 minutes, 4 readings were taken every 5 minutes.
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in each session. Every session took approximately 50 minutes to complete; the first 15 minutes was designated as 
acclimation time to allow the snails to adapt to their new surroundings. Once the acclimation time ended, the 
tested substances were introduced into the 5 dishes of the experimental group, another 15 minutes were then 
given before we pipetted in Spirulina algae that can attract snails as their food. After the spirulina algae had been 
added, a survey of the snails’ activities was performed every 5 minutes for 20 minutes; taking readings of four data 
points for every snail (Fig. 3), which used scores (0–5) that are associated with different behaviors (the Behavioral 
State Score, Table 2).
The behavioral parameter was measured with the Behavioral State Score (BSS)52. This scoring system is similar 
to an experiment performed by other researchers43, 52, 53. The system works by scoring the snails’ level of activity 
from 0 to 5, which are based on their observed behavior: (i) 0 points for full retraction into its shell, (ii) 1 point for 
being withdrawn, (iii) 2 points for antennae movement only, (iv) 3 points for a protruding head without move-
ment, (v) 4 points for an extended foot and head with oriented movement, and (vi) 5 points were given for active 
locomotion, and ref. 52. Table 2 shows the different scores and the behaviors they are associated with.
Statistical Analysis. Statistical analysis was performed through the use of a non-parametric Kruskal-Wallis 
test with the level of significance set at p = 0.05 and a degree of freedom of 143. Non-parametric statistical analysis 
method was used due to the categorical nature of BSS, where each number represents a distinct state of being for 
each individual instead of a gradual scale. All the data were represented in means ± standard error.
References
 1. Mateus, V. L., Monteiro, I. L. G., Rocha, R. C. C., Saint’Pierre, T. D. & Gioda, A. Study of the chemical composition of particulate 
matter from the Rio de Janeiro metropolitan region, Brazil, by inductively coupled plasma-mass spectrometry and optical emission 
spectrometry. Spectrochim. Acta Part B 86, 131–136 (2013).
 2. Kelly, F. J. & Fussell, J. C. Size, source, and chemical composition as determinants of toxicity attributable to ambient particulate 
matter. Atmos. Environ. 60, 504–526 (2012).
 3. Schmauss, A. Die chemie des nebels der wolken und des regens. Die Unschau 24, 61–63 (1920).
 4. Zhao, Y. et al. Trasgenerational effects of traffic-related fine particulate matter (PM2.5) on nematode Caenorhabditis elegans. J. 
Hazard. Mater. 274, 106–114 (2014).
 5. Demircigil, G. Ç. et al. Cytogenetic biomonitoring of primary school children exposed to air pollutants: micronuclei analysis of 
buccal epithelial cells. Environ. Sci. Pollut. Res. 21, 1197–1207 (2014).
 6. Vattanasit, U. et al. Oxidative DNA damage and inflammatory responses in cultured human cells and in humans exposed to traffic-
related particles. Int. J. Hyg. Environ. Health 217, 23–33 (2014).
 7. Wei, Y. et al. PM2.5 constituents and oxidative DNA damage in humans. Environ. Sci. Technol. 43, 4757–4762 (2009).
 8. Soberanes, S. et al. Particulate matter air pollution induces hypermethylation of the p16 promoter via mitochondrial ROS-JNK-
DNMT1 pathway. Sci. Rep. 2 (2012).
 9. Dellinger, B. et al. Role of free radicals in the toxicity of airborne fine particulate matter. Chem. Res. Toxicol. 14, 1371–1377 (2001).
 10. Lakey, P. S. J. et al. Chemical exposure-response relationship between air pollutants and reactive oxygen species in the human 
respiratory tract. Sci. Rep. 6, 32916 (2016).
 11. Verma, V. et al. Estimating the toxicity of ambient fine aerosols using freshwater rotifer Brachionus calyciflorus (Rotifera: 
Monogononta). Environ. Pollut. 182, 379–384 (2013).
 12. Ouyang, W. et al. The washing effect of precipitation on particulate matter and the pollution dynamics of rainwater in downtown 
Beijing. Sci. Total Environ. 505, 306–314 (2015).
 13. Wu, F. et al. The trend analysis on the change of acid rain in Suzhou city for ten years. Environ. Monit. Forewarmning 5, 40–43 (2013).
 14. Tang, L., Yang, J., Han, J., Zhao, Y. & Yuan, W. Analysis of characteristics of acid rain and its relationship to atmospheric environment 
in Suzhou. Chinese J. Agrometeorol. 32, 74–78 (2011).
 15. Haines, T. A. Acidic precipitation and its consequences for aquatic ecosystems: a review. Trans. Am. Fish. Soc. 110, 669–707 (1981).
 16. Chang, S., Chou, C. C. K., Liu, S. & Zhang, Y. The characteristics of PM2.5 and its chemical composition between different prevailing 
wind patterns in Guangzhou. Aerosol Air Qual. Res. 13, 1373–1383 (2013).
 17. Cheng, Y. et al. Reactive nitrogen chemistry in aerosol water as a source of sulfate during haze events in China. Sci. Adv. 2, e1601530 
(2016).
 18. Gao, J.-F., Fan, X.-Y., Pan, K.-L., Li, H.-Y. & Sun, L.-X. Diversity, abundance and activity of ammonia-oxidizing microorganisms in 
fine particulate matter. Sci. Rep. 6, 38785 (2016).
 19. Petrin, Z., Englund, G. & Malmqvist, B. Contrasting effects of anthropogenic and natural acidity in streams: a meta-analysis. Proc. 
R. Soc. London B Biol. Sci. 275, 1143–1148 (2008).
 20. Dangles, O., Gessner, M. O., Guerold, F. & Chauvet, E. Impacts of stream acidification on litter breakdown: implications for assessing 
ecosystem functioning. J. Appl. Ecol. 41, 365–378 (2004).
 21. Huang, X. H. H., Bian, Q., Ng, W. M., Louie, P. K. K. & Yu, J. Z. Characterization of PM2.5 major components and source 
investigation in suburban Hong Kong: a one year monitoring study. Aerosol Air Qual. Res. 14, 237–250 (2014).
 22. Shen, G. et al. Chemical compositions and reconstructed light extinction coefficients of particulate matter in a mega-city in the 
western Yangtze River Delta, China. Atmos. Environ. 83, 14–20 (2014).
 23. Hagler, G. S. W. et al. Local and regional anthropogenic influence on PM2.5 elements in Hong Kong. Atmos. Environ. 41, 5994–6004 
(2007).
 24. Fenger, J. Air pollution in the last 50 years - from local to global. Atmos. Environ. 43, 13–22 (2009).
 25. Baccarelli, A. et al. Rapid DNA methylation changes after exposure to traffic particles. Am. J. Respir. Crit. Care Med. 179, 572–578 
(2009).
 26. Shi, Y. et al. Nanoscale characterization of PM2.5 airborne pollutants reveals high adhesiveness and aggregation capability of soot 
particles. Sci. Rep. 5 (2015).
 27. Sarti, E. et al. The composition of PM1 and PM2.5 samples, metals and their water soluble fractions in the Bologna area (Italy). 
Atmos. Pollut. Res. 6, 708–718 (2015).
 28. Valtanen, M., Sillanpää, N. & Setälä, H. Key factors affecting urban runoff pollution under cold climatic conditions. J. Hydrol. 529, 
1578–1589 (2015).
 29. Tipping, E. & Lofts, S. Metal mixture toxicity to aquatic biota in laboratory experiments: Application of the WHAM-F TOX model. 
Aquat. Toxicol. 142, 114–122 (2013).
 30. Wang, J., Hu, Z., Chen, Y., Chen, Z. & Xu, S. Contamination characteristics and possible sources of PM10 and PM2.5 in different 
functional areas of Shanghai, China. Atmos. Environ. 68, 221–229 (2013).
 31. Mathur, S., Khangarot, B. S. & Durve, V. S. Acute toxicity of mercury, copper, and zincto a freshwater pulmonate snail, Lymnaea 
luteola (Lamarck). Acta Hydrochim. Hydrobiol. 9, 381–389 (1981).
www.nature.com/scientificreports/
8Scientific RepoRts | 7: 644  | DOI:10.1038/s41598-017-00449-5
 32. Bernot, R. J., Kennedy, E. E. & Lamberti, G. A. Effects of ionic liquid on the survival, movement, and feeding behavior of the 
freshwater snail, Physa acuta. Environ. Technol. Chem. 24, 1759–1765 (2005).
 33. Brausch, K. A., Anderson, T. A., Smith, P. N. & Maul, J. D. The effect of fullernes and functionalized fullerenes on Dpahnia magna 
phototaxis and swimming behavior. Environ. Technol. Chem. 30, 878–884 (2011).
 34. Noss, C., Dabrunz, A., Rosenfeldt, R. R., Lorke, A. & Schulz, R. Three-dimensional analysis of the swimming behavior of Daphnia 
magna exposed to nanosized titanium dioxide. PLoS One 8, 1–8 (2013).
 35. Diz, F. R., Araújo, C. V. M., Hampel, M. & Blasco, J. Short-term toxicity tests on the harpaticoid copepod Tisbe battagliai: Lethal and 
reproductive endpoints. Ecotoxicol. Environ. Saf. 72, 1881–1886 (2009).
 36. Araújo, C. V. M., Blasco, J. & Moreno-Garrido, I. Measuring the avoidance behaviour shown by the snail Hydrobia ulvae exposed to 
sediment with a known contamination gradient. Ecotoxicology 21, 750–758 (2012).
 37. Nebeker, A. V., Stinchfield, A., Savonen, C. & Chapman, G. A. Effects of copper, nickel, and zinc on three species of Oregon 
freshwater snail. Environ. Toxicol. Chem. 5, 807–811 (1986).
 38. Shen, Z. et al. Chemical profiles of urban fugitive dust PM2.5 samples in Northern Chinese cities. Sci. Total Environ. 569, 619–626 
(2016).
 39. Pyatt, A., Pyatt, F. & Pentreath, V. Lead toxicity, locomotion and feeding in the freshwater snail, Lymnaea stagnalis (L.). Invertebr. 
Neurosci. 4, 135–140 (2002).
 40. Gensemer, R. W. & Playle, R. C. The bioavailability and toxicity of aluminum in aquatic environments. Crit. Rev. Environ. Sci. 
Technol. 29, 315–450 (1999).
 41. Khangarot, B. S. & Ray, P. K. Zinc sensitivity of a freshwater snail, Lymnaea luteola L., in relation to seasonal variations in 
temperature. Bull. Environ. Contam. Toxicol. 39, 45–49 (1987).
 42. Grosell, M., Gerdes, R. M. & Brix, K. V. Chronic toxicity of lead to three freshwater invertebrates—Brachionus calyciflorus, 
Chironomus tentans, and Lymnaea stagnalis. Environ. Toxicol. Chem. 25, 97–104 (2006).
 43. Campbell, M. M., White, K. N., Jugdaohsingh, R., Powell, J. J. & McCrohan, C. R. Effect of aluminum and silicic acid on the 
behaviour of the freshwater snail Lymnaea stagnalis. Can. J. Fish. Aquat. Sci. 57, 1151–1159 (2000).
 44. Ali, D., Alarifi, S., Kumar, S., Ahamed, M. & Siddiqui, M. A. Oxidative stress and genotoxic effect of zinc oxide nanoparticles in 
freshwater snail Lymnaea luteola L. Aquat. Toxicol. 124–125, 83–90 (2012).
 45. Truscott, R., McCrohan, C. R., Bailey, S. E. R. & White, K. N. Effect of aluminium and lead on activity in the freshwater pond snail 
Lymnaea stagnalis. Can. J. Fish. Aquat. Sci. 52, 1623–1629 (1995).
 46. Fernández, A. J., Ternero, M., Barragán, F. J. & Jiménez, J. C. An approach to characterization of sources of urban airborne particles 
through heavy metal speciation. Chemosph. - Glob. Chang. Sci. 2, 123–136 (2000).
 47. White, K. N. et al. Avoidance of aluminum toxicity in freshwater snails involves intracellular silicon - Aluminum biointeraction. 
Environ. Sci. Technol. 42, 2189–2194 (2008).
 48. Heinlaan, M., Ivask, A., Blinova, I., Dubourguier, H.-C. & Kahru, A. Toxicity of nanosized and bulk ZnO, CuO, and TiO2 to bacteria 
Vibrio fischeri and crustaceans Daphnia magna and Thamnocephalus platyurus. Chemosphere 71, 1308–1316 (2008).
 49. Jansen, R. C. et al. Using hourly measurement to explore the role of secondary inorganic aerosol in PM2.5 during haze and fog in 
Hangzhou, China. Adv. Atmos. Sci. (2014).
 50. Qiao, T., Zhao, M., Xiu, G. & Yu, J. Seasonal variations of water soluble composition (WSOC, Hulis and WSIIs) in PM1 and its 
implications on haze pollution in urban Shanghai, China. Atmos. Environ. 123, 306–314 (2015).
 51. Yang, Y. et al. Seasonal variations and size distributions of water-soluble ions in atmospheric aerosols in Beijing, 2012. J. Environ. Sci. 
34, 197–205 (2015).
 52. Tuersley, M. D. & McCrohan, C. R. Food arousal in the pond snail, Lymnaea stagnalis. Behav. Neural Biol. 47, 222–236 (1987).
 53. Desouky, M. M. Amelioration of behavioural toxicity of aluminium by oligomeric silicic acid and humic acid. Egypt. J. Biolofy 3, 
56–62 (2001).
Acknowledgements
The authors would like to thank Xi’an Jiaotong-Liverpool University for the support of Summer Undergraduate 
Research Fellowship (SURF) and the equipment for the experiment. We are also grateful for the helps of Ting 
Zhang to analyze the PM2.5 samples, Xiao Zhou and Zhongkai Huang for providing lab support.
Author Contributions
All authors joined the research; Y.Z., B. Li, D.H., B. Lioe, designed the research, D.H., B. Lioe, Y.Z. conducted the 
field sampling, D.H., B. Lioe, conducted experiments, J.Y. analyzed PM2.5 samples, D.H., B.L. and Y.Z. drafted the 
manuscript with input from B.L. and J.Y.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017
